Affinity chromatography of specific enzymes is limited by the presence of related enzymes and the limited selectivity of the affinity ligand. We synthesized and investigated the use of an uncompetitive inhibitor as an affinity ligand, to leverage its three-component interactions. Use of the potent α-glucosidase uncompetitive inhibitor 2-aminoresorcinol as the ligand of the affinity gel offered selective purification of maltase-glucoamylase complex from the crude mixture of intestinal α-glucosidases.
Introduction
Affinity chromatography is a powerful tool for the purification of target molecules. 1, 2 The technique makes use of the specific interactions between pairs of molecules.
Expansion of protein expression techniques and development of a method to design and create genetically engineered protein have enabled use of affinity chromatography as an easy and efficient way to purify expressed proteins. Tag sequences, for example the Hisand FLAG-tags, offer an excellent way to distinguish engineered proteins from native proteins. 3, 4 The use of synthetic affinity gels that incorporate a designed ligand offers a systematic approach for purification of tagged proteins. 5, 6 In contrast to engineered proteins, affinity purification of native proteins remains a challenging task. In particular, purification of a specific enzyme from the target organism is often complicated by the presence of related enzymes that catalyze the same reaction but target different substrates. Competitive or mixed-mode inhibitors are frequently selected as the affinity gel ligand for the purification of enzymes. [7] [8] [9] [10] However, these inhibitors often possess inhibitory activity toward multiple related enzymes, making selective adsorption of the target enzyme to the affinity gel difficult when these inhibitors are used as a ligand. 11, 12 Furthermore, when highly active inhibitors are used, desorption of the target enzyme from the gel requires severe conditions and may co-elute proteins adsorbed by non-specific interactions, hampering purification.
Uncompetitive inhibitors are characteristic inhibitors that bind only to enzyme-substrate complexes. This interaction makes uncompetitive inhibitors more selective and efficient affinity ligand candidates. Because uncompetitive inhibitors bind only to the enzyme-substrate complex, an appropriate substrate is required for them to inhibit enzyme activity. In turn, the substrate can increase the selectivity of the inhibitor. Thus, even if an uncompetitive inhibitor has low selectivity between several enzymes, the presence of the specific substrate is expected to increase the selectivity of the inhibitor. I n hibit or y ac ti v ity 2-Aminoresorcinol (1) is an uncompetitive α-glucosidase inhibitor that has high inhibitory activity toward intestinal glucosidases (Figure 1 ), 13 which contain a mixture of two glucosidase complexes, maltase-glucoamylase (MG) and sucrase-isomaltase (SI).
Inhibitors of intestinal glucosidases are effective for the treatment of diabetes mellitus and have been extensively studied. [14] [15] [16] Although separation of these complexes has been reported, 17, 18 the steps required are complicated, and most studies have used a mixture of MG and SI, providing rather unclear results concerning the target enzyme of the inhibitors. Thus, a one-step method for purifying these enzymes would facilitate this line of research.
Here, we show for the first time, to the best of our knowledge, the efficacy of an uncompetitive inhibitor as an affinity gel ligand. Using 2-aminoresorcinol (1) as the affinity ligand, we separated intestinal MG from rat intestinal crude enzyme mixture using only simple techniques.
Results and discussion

Synthesis of affinity ligand
Based on the structure-activity relationship study of (1), 19 an affinity ligand (2) was designed and synthesized (Scheme 1). The 2-Nitroresorcinol derivative (3) was hydrogenated in the presence of di-tert-butyl dicarbonate to yield (4) . Initial trial for the amide bond formation reaction between 4 and ethylenediamine linker gave low yield (~10%). In addition, the isolation of the resulting product required repeated separations by silica-gel column due to contaminations of unreacted 4. This was reduced by the protection of para-hydroxyl group with methoxymethyl group which also gave higher yield for the amide bond formation reaction. Thus, para-hydroxyl group of 4 was protected employing equivalent amount of methoxymethyl chloride with diisopropylethylamine as a base at rt. Due to hydrogen bond between carbonyl group, ortho-hydroxyl group has lower reactivity compared to para-hydroxyl group and 5 was selectively obtained with slight amount of bis-hydroxyl group protected product, and no ortho-hydroxyl group protected product was obtained. Then, the methyl ester was hydrolyzed to yield (6) . A short linker, N-Cbz-ethylenediamine, was reacted with (6) in the presence of EDCI and then the Boc group was removed by hydrogen chloride to yield intermediate (8a). Deprotection of the amino group at the end of the linker yielded the desired ligand (2).
An affinity gel (9) was synthesized by the reaction of ligand (2) Given the satisfying result of the ligand, we then synthesized the affinity gel (9). 
Purification of MG complex
To test the uncompetitive mode of adsorption, crude enzyme prepared from rat intestinal acetone powder, containing both MG and SI, was passed through the column filled with affinity gel (9) with or without maltose, and the adsorbed maltase was eluted with a sodium chloride solution. As shown in Table 1 , the maltase activity of the eluted fractions appeared only when maltose was added to the buffer. This clearly indicated that the ligand was able to adsorb the target enzyme when the substrate was added, reflecting the inhibitory mechanism of the uncompetitive inhibitor. Furthermore, the result suggests that the adsorbed enzyme can be eluted simply by removing the substrate, instead of by adding a free inhibitor, changing the pH, or using high concentrations of salt, methods which are often employed. a Crude enzyme (CE) was passed through the affinity gel (9) Next, affinity purification of maltase from the crude enzyme was performed. Crude enzyme was passed through the column filled with gel 9 in the presence of maltose.
Maltose was continuously added to the buffer during washing step, and was removed from the buffer at the initial elution step. Then, a sodium chloride containing buffer was used for the secondary elution step. The eluate was fractionated and the maltase /sucrase hydrolyzing activity of each fraction was determined ( Figure 3 ). As expected, the fraction eluted by the maltose-free buffer yielded the highest maltase activity (Figure 2, E2 ). The maltase activity of the purified fraction was up to 78-fold greater than that of the crude enzyme, whereas the sucrase activity was far lower, indicating that MG was selectively purified ( Table 2 ). The remaining sucrase activity in E2 fraction might be due to the interaction with the Sepharose gel, which is reported to possess a weak interaction with Isomaltase. 20 Recovery yield of maltase activity in Fr.
E2 was 17% among the applied crude enzyme. The low recovery yield is probably due to excess enzyme loaded to the column speculated from the result that 53% of the maltase activity eluted in Fr. W1 and W2. To confirm the obtained enzyme, fraction E2 was analyzed by native-PAGE, SDS-PAGE, and western blotting ( Figure 4 ). Native-PAGE analysis yielded a single band ( Figure 4A ), which showed maltase activity (data not shown). SDS-PAGE analysis of the fraction confirmed bands at molecular weights of 130 and 240 kDa, and another two bands above 250 kDa ( Figure 4B ). The MG complex is reported to consist of five fragments with molecular weights of 134, 245, 350, 410, and 480 kDa, consistent with the current analysis. 21, 17 Western blotting analysis using polyclonal anti-MG antibody showed that all four bands originated from MG ( Figure 4C ). Thus, all of the purification analyses showed that the purified fraction contained MG as the major component, and that MG was successfully purified using affinity gel (9). 
Conclusion
In conclusion, we employed an uncompetitive α-glucosidase inhibitor (1) as a tool for affinity purification of MG from crude enzyme extract. The unique characteristics of the uncompetitive inhibitor allowed the substrate to act as an additional factor to increase the selectivity of the affinity chromatography, and simultaneously provided a simple and efficient elution procedure. The adsorption and elution steps are the two most important steps in affinity chromatography, and we consider the use of an uncompetitive inhibitor as one of an efficient method for enzyme purification.
Experimental methods
General
Intestinal acetone powder from rat was purchased from Sigma-Aldrich Co. 
Synthesis Methyl 3-(tert-butoxycarbonylamino)-2,4-dihydroxybenzoate (4).
Compound 3 (220 mg, 1.03 mmol) was dissolved in THF (10 mL) and Pd-C (50 mg) was added. To this mixture, Boc2O (338 mg, 1.55 mmol) was added and reacted for one day under hydrogen atmosphere. The reaction mixture was passed through the celite pad and evaporated. The residue was purified by silica-gel column chromatography (hexane/ethyl acetate = 2/1) to give 4 (136 mg, 47%) as the yellow solid. 
HR-FD-MS (positive)
:
N-(2-(benzyloxycarbonylamino)ethyl)-3-(tert-butoxycarbonylamino)-2-hydroxy-4-(methoxymethoxy)benzamide (7a).
3-amino-N-(2-aminoethyl)-2,4-dihydroxybenzamide (2).
Compound 8 (53.7 mg, 0.157 mmol) was dissolved in methanol (3.5 mL) and Pd-C (25 mg) was added. The mixture was reacted for 30 min at 0°C under argon atmosphere.
The reaction mixture was passed through the celite pad to give 2 (27.9 mg, 85%) as the slightly brown oil. Affinity gel 9.
HR-FD-MS
NHS-activated Sepharose TM (2 mL, GE Healthcare Co.) was filled in a plastic column Table 1 , elution buffer A was skipped.
Analysis of purified fraction
Samples were mixed with 3×Laemmli buffer and heated at 95°C for 5 min. SDS-PAGE was performed with 7.5% gel and visualized by silver staining. Native-PAGE was performed following the procedure of SDS-PAGE without SDS and denaturing step. 
